BACKGROUND: Critical illness myopathy and/or neuropathy (CRIMYNE) is a common alteration seen in the ICU. The currently available bedside methods of measuring respiratory and peripheral muscle function in critically ill patients are somewhat inadequate. The objective of this study was to evaluate the presence of diaphragmatic and peripheral CRIMYNE in septic patients with prolonged weaning from mechanical ventilation (MV). METHODS: Cohort prospective study with an entry period of 6 months. In 2 Brazilian medical-surgical ICUs, septic patients > 18 years of age, dependent on MV > 14 days, requiring prolonged weaning from MV, awake (Richmond Agitation Sedation Scale > -2), and with no previous history of polyneuropathy or myopathy were included. Electrophysiological studies of the limbs and also of the respiratory system by phrenic nerve conduction and needle electromyography of the diaphragm were performed in all subjects. RESULTS: Twelve subjects were enrolled during 6 months of study. The electrophysiological signs of peripheral CRIMYNE occurred in 9 subjects, 7 of whom died in the ICU. Three subjects developed critical illness polyneuropathy, 4 critical illness myopathy, and 2 both. Only one subject who developed peripheral CRIMYNE did not present diaphragmatic involvement, whereas no subject developed diaphragm involvement alone. Thus, electrophysiological signs of diaphragmatic CRIMYNE occurred in 8 of the 9 subjects with peripheral CRIMYNE. Upon clinical examination, 8 subjects were not able to moves their limbs against gravity, and these findings were related to the presence of peripheral and diaphragmatic dysfunction. CON-CLUSIONS: Our pilot findings suggested that CRIMYNE is common in septic patients with prolonged weaning from MV (MV > 14 d). The inability to move limbs against gravity is frequently associated with peripheral and diaphragmatic CRIMYNE, and the findings of CRIMYNE in peripheral electrophysiological tests are associated with diaphragmatic involvement.
Introduction
Complications that can delay recovery from critical illness represent a major concern for critical care physicians, and neuromuscular disturbances are now well recognized as adverse events that can affect long-term ventilated pa-tients. [1] [2] [3] Although diverse disorders can afflict the muscular and peripheral nervous system in these patients, critical illness myopathy (CIM) and/or neuropathy (CRIMYNE) is the most clearly defined neuromuscular complication. 4 -7 Critical illness polyneuropathy (CIP), an acute sensorymotor axonal polyneuropathy, is the most common and the best defined neuromuscular alteration seen in the ICU, 8 affecting 58% of patients with prolonged ICU stay, 70% to 80% of patients with sepsis, septic shock, or multi-organ failure, and up to 100% of patients with sepsis and coma. 9 CIM is a primary muscle disorder that has been observed only in recent years. 10 The true incidence of CIM is unknown, because neither the diagnosis of CIM nor the differential diagnosis between CIP and CIM in the ICU are easy; furthermore, it requires specialized neurophysiological methods or biopsy investigations in addition to conventional nerve conduction studies and needle electromyography (EMG). When these methods are used, CIM is as frequent as, or more frequent than CIP. However, according to bedside methods, both conditions are collectively called CRIMYNE, and they are usually suspected in ICU patients who, after a period of days or weeks, cannot be weaned from the ventilator despite the absence of pulmonary or cardiac causes of respiratory failure, or because they suffer from various degrees of limb weakness. 4 Investigators [11] [12] [13] [14] have demonstrated that multipleorgan system failure secondary to sepsis, hyperglycemia, and prolonged mechanical ventilation (MV) are strongly associated with the development of CRIMYNE. Ischemia or injury via mediators of inflammation are the most common invoked pathways to produce nerve and muscle injury, as well as evidence for low-level, local immune system activation with release of both pro-inflammatory and anti-inflammatory cytokines in the muscle of patients with CRIMYNE. Tissue injury may lead to the influx of inflammatory cells and to the release of such cytokines. The expression of adhesion molecules on vascular endothelium suggests the possible contribution of increased vascular permeability. 12 The newest international consensus conference 15 proposed to categorize weaning patients into 3 groups, according to the difficulty and length of the weaning process. The simple weaning group includes patients who successfully pass the first spontaneous breathing trial (SBT) and are extubated successfully. The difficult weaning group includes patients who fail in the first SBT and require up to 3 attempts or 7 days for achieving successful weaning. The last group is the prolonged weaning group, who need more than 7 days or more than 3 SBTs for weaning success. Some researchers [15] [16] [17] estimate that 15% of patients would be in the prolonged weaning group, while previous studies disagree on whether 18 -21 or not 22, 23 CRYMINE prolongs the duration of MV.
Critically ill patients are exposed to a combination of insults that affect both respiratory and peripheral skeletal muscle function. 24 However, different muscle groups may not be affected to the same extent by a prolonged critical illness. The relative contribution of diaphragmatic denervation in ICU patients with and without CRIMYNE has not been definitively determined. Prentice et al, 25 in a recent meta-analysis, maintain that there is evidence suggesting that respiratory muscles may be relatively spared from the damage that can occur as a result of immobility, prolonged-MV, and systemic inflammation in critical illness; however, the currently available bedside methods of measuring respiratory and peripheral muscle function in critically ill patients are somewhat inadequate.
We performed a prospective clinical study by enrolling septic patients with prolonged weaning who required MV for Ն 14 days. Our objective was to assess the presence of diaphragmatic dysfunction in patients with clinical signs of peripheral muscles CRYMINE.
Methods
This prospective cohort study was performed during a 6 months period in 2 ICUs (one mixed ICU and another cancer ICU) of the Complexo Hospitalar da Santa Casa, Porto Alegre, Brazil. The ethical committee of Complexo Hospitalar da Santa Casa approved this study beforehand, and written consent obtained from the subject, whenever possible, or from their next of kin.
Inclusion and Exclusion Criteria
Septic patients over 18 years of age, dependent on MV Ն 14 days, and requiring prolonged weaning from
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Current knowledge
Critical illness polyneuropathy is the most common and best defined acquired neuromuscular disorder during ICU stay, and is most common following sepsis and the associated therapies. Critical illness myopathy is a primary muscle disorder affecting these patients, but its incidence is not well described.
What this paper contributes to our knowledge
Critical illness myopathy and/or neuropathy is common in septic patients requiring prolonged mechanical ventilation (Ն 14 days). Patient inability to move limbs against gravity is frequently associated with peripheral and diaphragmatic weakness.
MV (subjects who failed at least 3 weaning attempts or required 7 d of weaning after the first SBT) were included consecutively. Subjects had to be awake or at a sedation level that would allow the subject to respond appropriately to verbal commands (Richmond Agitation Sedation Scale scale Ն -2).
Exclusion criteria were: CRIMYNE diagnosed within 24 hours of ICU admission; previous neuromuscular disorders; morbid obesity (body mass index of Ͼ 40 kg/m 2 ); lower limb disorders precluding nerve conduction study and EMG (eg, fractures, amputation, and plaster casts); brain death; Richmond Agitation Sedation Scale Ͻ -1; technical inability to conduct the diaphragmatic electrophysiological test; and refusal to participate. The excluded patients are shown in the Figure. 
Electrophysiological Investigations
The complete electrophysiological tests performed on the subjects consisted of conventional motor (median and common peroneal nerves) and sensory nerve (median and sural nerves) conduction studies. Sensory nerve action potentials (SNAPs) were recorded from the median and sural nerves. For the median nerve, the ring recording electrodes were placed around the proximal (-) and distal (ϩ) interphalangeal joints of the third digit; the nerve was stimulated at the wrist, on the volar surface, 2-3 cm proximal to the distal crease. For the sural nerve, the surface recording electrodes were placed immediately posteroinferior to the lateral malleolus (-) and 2-3 cm distally along the lateral dorsum of the foot (ϩ); the nerve was stimulated along the posterior surface of the leg (calf), slightly lateral to the midline and approximately 10 -12 cm from the active electrode (-). The compound muscle action potentials (CMAPs) were recorded from the median (abductor pollicis brevis muscle) and common peroneal (extensor digitorum brevis muscle) nerves. For the median nerve, surface recording electrodes were placed over the belly (-) and tendon (ϩ) of the abductor pollicis brevis; the nerve was stimulated at the wrist on the volar surface, 2-3 cm proximal to the distal crease, and at the elbow over the brachial pulse with the cathode at the volar crease. For the common peroneal nerve, surface recording electrodes were placed over the belly and tendon of the extensor digitorum brevis; the nerve was stimulated over the dorsum of the foot, near the ankle, 7-8 cm from the recording electrodes, and below the head of the fibula (below the knee). Incremental electrical stimulation of the nerves was used until the best SNAP or CMAP amplitudes were obtained.
If the clinical history and physical examination suggested a median nerve entrapment at the wrist, or the median sensory nerve conduction study was abnormal, the median nerve was substituted by the ulnar nerve. EMG was recorded using a coaxial needle electrode in the tibialis anterior, quadriceps femori, abductor pollicis brevis, and deltoid muscles; additional muscles were studied in some subjects.
Before performing electrophysiological tests, heat packs were applied to the skin if its temperature dropped below 33°C. Electrophysiological diagnosis of CRIMYNE was achieved if the CMAP or SNAP amplitude of at least 2 nerves of 2 limbs was reduced below 2 standard deviations of the lower limit of normality, with or without abnormal spontaneous muscle activity.
To differentiate between CIP and CIM we used electrophysiological criteria: nerve conduction (reduced SNAP amplitude in CIP, and normal SNAP amplitude in CIM); needle EMG (CIP: abnormal spontaneous activity common, large and polyphasic motor unit potentials, and reduced recruitment; CIM: mild or non-abnormal spontaneous activity, small polyphasic motor unit potentials, and early recruitment); and direct muscle stimulation (normal in CIP, and absent or reduced in CIM).
Diaphragmatic involvement was determined based on electrodiagnostic studies that included phrenic nerve conduction and needle EMG of the diaphragm. Phrenic nerve conduction studies were performed with percutaneous stimulation in the supraclavicular fossa, and recording from the ipsilateral diaphragm with muscle needle electrodes. Four measurements of the diaphragmatic CMAP were determined: the latency to the onset of the negative peak; the CMAP amplitude from the baseline to the negative peak; the negative peak area; and the CMAP duration from the negative peak onset to the return to baseline. Needle EMG of the diaphragm was performed with a monopolar needle electrode inserted between the anterior axillary and medial clavicular lines, just above the costal margin.
Clinical Management and Data Collection
Patient treatment, including correction of electrolytes (sodium, potassium, magnesium, and phosphorus) and con- trol of blood glucose, conformed to accepted standards. Intravenous insulin, preferably using a pump, was started if blood glucose level exceeded 200 mg/dL, with a target of Ͻ 160 mg/dL. 26 ICU staff members were in charge of hemodynamic, ventilatory, and dialysis management.
Intensivists and clinical neurophysiologists were unaware of each other's diagnoses. All of the electrophysiological recordings performed by a neurophysiologist (PS) were re-examined by one expert physician (FTR) for quality assessment.
The data collected were: age, sex, previous diseases, reason for MV need, days on MV, ICU stay, Acute Physiology and Chronic Health Evaluation II, and ICU outcome (lived or died). The plasma creatine phosphokinase, use of vasopressor (norepinephrine), need for dialysis, and Sequential Organ Failure Assessment score during the weaning process were also collected.
Peripheral muscle power was tested by a neurologist (PS) and conventionally assessed using the Medical Research Council (MRC) scale: 5 ϭ normal power, 4 ϭ moderate movement of limbs against resistance, 3 ϭ movement of limbs against gravity but not resistance, 2 ϭ movement of limbs with gravity removed, 1 ϭ flicker, and 0 ϭ no movement. For research purposes, the muscle power was graded as MGϩ (moves limbs against gravity, including grades 3, 4, and 5 of MRC) or MG-(no movement against gravity, including grades 0, 1, and 3 of MRC).
Data Presentation and Statistical Analysis
Continuous variables were expressed as medians (minimum-maximum) and discrete variables as counts (percentage) unless otherwise stated. Differences in the study population were analyzed by means of the Student t test, Mann-Whitney U test, or chi-square test (or Fisher exact test), as appropriate. All tests were 2-tailed, and a P value of Ͻ .05 was used to define a statistically significant difference. The statistical analysis was conducted with commercially available software (SPSS 16.0, SPSS, Chicago, Illinois).
Results
Twelve subjects were enrolled during 6 months of study. Subject characteristics are shown in Table 1 . Four subjects were male, the median age was 71 (41-93) years, and the median APACHE II score was 22 . The median time on MV was 26.5 days, and during this period the median use of opioid was 6.5 days, that of benzodiazepine 13 (1-30) days, and the use of corticosteroids 9 (1-35) days. All subjects received corticosteroids, opioids, and benzodiazepines. Only 2 subjects received neuromuscular blockage (subject 8 for 1 d, and subject 9 for 10 d). No subject was treated with aminoglycosides. During the weaning process, all subjects underwent tracheotomy, except 2 subjects (subjects 7 and 9). Two subjects had elevated creatine phosphokinase levels (subjects 4 and 5). Electrophysiological signs of peripheral CRIMYNE occurred in 9 subjects (Table 2), 7 of whom died in the ICU. Three subjects developed CIP, 4 CIM, and 2 both. Only one subject who developed peripheral CRIMYNE (subject 3) did not develop diaphragmatic CRIMYNE (see Table 2 ). No subject developed diaphragm involvement alone, without peripheral CRIMYNE. Thus, electrophysiological signs of diaphragmatic CRIMYNE occurred in 8 of the 9 subjects with peripheral CRIMYNE.
As regards peripheral muscle power, 8/12 subjects were MG-, and this finding was related to the presence of peripheral CRIMYNE (7 of 9 subjects) and diaphragmatic CRIMYNE (6 of 8 subjects). The mortality rate was higher in subjects with CRIMYNE (77.8% vs 0%, P Ͻ .001).
Discussion
Our findings suggest that CRIMYNE is common in septic subjects with prolonged weaning from MV (MV Ն 14 d). CRIMYNE, as assessed by peripheral positive electrophysiological tests, was associated with a higher incidence of diaphragmatic impairment and an inability to move limbs against gravity, based on clinical strength testing.
The occurrence of ICU-acquired weakness varies substantially, depending on the diagnostic method used, 27, 28 the timing of examination, 4, 6 and the type of population under study. 29 Several studies 18, 21, 22, 30 have suggested that the incidence of weakness (clinical evidence or abnormalities on nerve-conduction studies and/or EMG) in MV patients Ն 4 -7 days is very high (33-82%). However, these studies included patients with altered levels of consciousness, so they relied on nerve-conduction studies and EMG testing or non-rigorous definitions of weakness for diagnosis, which may have resulted in overestimation of weakness, and for this reason are subject to criticism.
Methodologically speaking, the most rigorous studies were conducted by De Jonghe et al 11 and Latronico et al. 4 The former prospectively identified subjects who were on MV Ն 7 days, and evaluated them for weakness only when they awakened and were able to cooperate with physical examination. The authors showed that 25% of the surviving subjects developed severe weakness. Latronico et al, 4 in their prospective and multicenter study (92 participant ICUs) conducted electrophysiological studies on a daily basis on subjects admitted to ICU, and showed electrophysiological signs of CRIMYNE in 30.4% (95% CI 21.9 -40.4%) of these subjects. Median time from ICU admission to CRIMYNE was 6 days (95% CI 5-9 d).
Difficult weaning from the ventilator constitutes a major challenge for intensivists. Some authors estimate that the presence of CRIMYNE could prolong dependence on MV, 18, 20, 21 while others disagree. 22, 23 Maher et al 31 evaluated the presence of neuromuscular disorders (CIP, CIM, Guillain-Barré syndrome, diabetic neuropathy, uremic neuropathy, abnormality of central drive, unilateral phrenic nerve palsy, and neuromuscular transmission defect) and demonstrated that patients with more severe polyneuropathy took longer to wean: a mean of 136 d versus 52 d (P ϭ .007). The elegant study of Garnacho-Montero et al 21 on 64 critically ill septic patients, showed that the duration of the weaning period was significantly higher in patients with CRIMYNE (median 15 d vs 2 d, P Ͻ .001). Multiple logistic regression analysis indicated that CIP was the only risk factor independently associated with weaning failure (odds ratio 15.4, 95% CI 4.55-52.3, P Ͻ .001). Our data indicate that 9 subjects with prolonged weaning from MV (those who require Ͼ 3 SBTs or Ն 7 d of weaning after the first SBT) show electrophysiological findings of peripheral CRIMYNE, and this finding is probably related to the failure to wean from MV.
In preventing CRIMYNE from developing, it is likely that the avoidance of potentially triggering or priming factors, such as aminoglycosides, corticosteroids, and neuromuscular blockage agents, will reduce the incidence of ICU-acquired neuromuscular abnormalities. 6, 14, 32 The prompt treatment of sepsis is also essential. 6, 20 Physical therapy and rehabilitation may be helpful in accelerating recovery. 33 Furthermore, a recent Cochrane meta-analysis, 14 based on 2,748 randomized patients, concluded that CIP ϭ critical illness polyneuropathy CIM ϭ critical illness myopathy the incidence of CRIMYNE was significantly reduced in patients who received intensive insulin therapy during their ICU stay (relative risk 0.60, 95% CI 0.49 -0.74). The duration of MV, duration of ICU stay, and 180-day mortality were also significantly reduced with intensive insulin therapy. All septic subjects of our sample were submitted to glycemic control, based in insulin therapy infusion protocol, and received early motor physiotherapy during ICU stay, in order to avoid confounding bias. The respiratory muscles carry the entire burden of the increase in respiratory work that occurs during the weaning failure process. The imbalance between energy supply and demand of the respiratory muscles suggests that inspiratory muscle fatigue is frequently a final common pathway leading to an inability to sustain spontaneous breathing and thus to weaning failure. 34 The overall strength of the inspiratory muscles is usually clinically assessed by measuring maximal inspiratory pressure. De Jonghe et al, 35 after analyzing 116 patients who were MV-dependent for Ն 7 days, showed that respiratory and limb muscle strength were both altered after one week of MV. In that study, respiratory muscle weakness (low maximal inspiratory pressure [hazard ratio 1.86, 95% CI 1.07-3.23]), and peripheral muscle weakness (low MRC score [hazard ratio 1.96, 95% CI 1.27-3.02]) were associated with prolonged ventilation. Our subjects were MV-dependent, and the study was not designed to compare success and failure of weaning from MV in the acute setting, but the incidence of peripheral and diaphragmatic CRIMYNE in patients with prolonged weaning; and CRIMYNE was assessed by means of electrophysiological muscle studies, and not by pressure measurements (maximal inspiratory pressure).
A striking feature of those patients who fail to wean from MV is the timing at which different muscle groups become active. Parthasarathy et al 36 showed that this sequence begins with activity of the diaphragm and with greater activity of inspiratory rib-cage muscles than is the case in the success patients; recruitment of sternomastoids and rib-cage muscles is near maximum within 4 min after trial commencement, while the expiratory muscles are not recruited until 17-20 min. The fundamental role of the diaphragm on ventilatory mechanics and the earliness of its injury during weaning failure make it a key muscle for studies on respiratory failure, and define the importance of studying it separately from the others respiratory muscle groups. However, Latronico et al 8 suggest that CRIMYNE is a key determinant of prolonged MV and of failed weaning from the ventilator; nevertheless, a direct relationship with acute neuromuscular abnormalities of the respiratory system (phrenic neuropathy, diaphragm myopathy) is still lacking.
Although life-saving, MV is associated with numerous complications. These include pneumonia, cardiovascular compromise, barotrauma, and ventilator-induced lung injury (in humans, dysfunction of the diaphragm and decrease in its force-generating capacity: a condition referred to as ventilator-induced diaphragmatic dysfunction). 37 The decrease in diaphragmatic contractility is time-dependent and worsens as MV is prolonged. Atrophy, fiber remodeling, oxidative stress, and structural injury have been implicated as potential mechanisms of ventilator-induced diaphragmatic dysfunction. [37] [38] [39] Hermans et al, 14 using a new technique of transdiaphragmatic pressure after magnetic stimulation that allows physicians to evaluate diaphragm strength, showed that duration of MV is associated with a logarithmic decline in diaphragmatic force, which is compatible with the concept of ventilator-induced diaphragmatic dysfunction. Our sample included patients who were MV-dependent for Ն 14 days, and data suggest that, based on this mechanism, prolonged MV may have contributed to the high incidence of diaphragmatic CRIMYNE in this population.
Prospective studies on patients who have been ventilated for over 7 days have reported increased hospital mortality associated with CRIMYNE. 19, 22 In fact, the development of CIP or CIM early in the course of critical illness may predict mortality. Khan et al 40 carried out studies on 48 patients with severe sepsis, and found that abnormal nerve conduction studies obtained within 72 hours from ICU admission predicted hospital mortality (55% vs 0%, P Ͻ .001). In agreement, our mortality rate was higher in patients with CRIMYNE (77.8% vs 0%, P Ͻ .001). The outcome of these patients is associated with prolonged duration of MV and increased hospital-stay and ICU-stay. 18, 21, 22 Thus, the presence of acquired paresis can influence the clinical decision to pursue early tracheotomy and arrange for long-term care after hospital discharge. Tracheotomy was performed in 10 of our subjects.
The pathophysiologic mechanisms leading to weaning failure in this group may be complex and dependent on many factors, with several potentially reversible etiologies for weaning failure, including respiratory and/or cardiac load, neuromuscular competence (central and peripheral), critical illness neuromuscular abnormalities, neuropsychological factors, and metabolic and endocrine disorders. In this group of chronically critically ill patients, the need emerges for a comprehensive approach to ongoing surveillance for any reversible or irreversible factors. Since many patients with long-term MV have poor nutritional status and end-stage respiratory diseases, nutrition and dietary intake-related problems need to be carefully assessed and corrected. We evaluated diaphragmatic CRIMYNE, which is not commonly studied.
The limitations of our study are as follows. First, we report a small sample of subjects (n ϭ 12) and subjects with previous conditions that can lead to neuromyopathy.
Second, we provide no data on muscle biopsy to allow differential diagnosis of myopathy and show severity of myopathic changes. 25 Finally, we performed no assessment of muscle contraction sequence to compare spontaneous with supported ventilation.
Conclusions
Our pilot findings suggest that CRIMYNE, as assessed by peripheral positive electrophysiological tests, is associated with a higher incidence of diaphragmatic impairment and an inability to move limbs against gravity, based on clinical strength testing.
